In a viscous fluid, vorticity is transported by convection and diffusion. At high Reynolds numbers, a significant difference in the scale of the two transport processes exists, the ratio of the scales of diffusion and convection being on the order of I/Rew. The latter term is also a measure of the boundary layer thickness. The rate of expansion of the vortex with distance 'x' along the axis is of the order i/x, where T is the lateral scale or "diameter" of the large-scale structure of the vortex. In vortices studied experimentally, I/x is typically much greater than l/Re 1 W. In water tunnel studies for a 0.305-meter slender wing at a = 200, I/x at the trailing edge is approximately 0.24 whereas 1/Re ,2 = 0.006. Consequently, even at the low Reynolds numbers typical of water tunnels, the condition that I/x >> l/Rel/ 2 is generally satisfied, meaning the size of the vortex is much greater than the undisturbed boundary layer thickness. It appears that, in these cases, the large scale vortex structure must have been determined primarily by the convection transport mechanism and is likely to have been largely independent of Reynolds numbers.
Essentially there are two different vortex regimes:
(1) Viscous vortex submerged or partially submerged in the boundary layer, (2) Predominantly inviscid vortex, large relative to the local boundary layer thickness,which can be regarded as a vortex sheet subject to relatively minor modification due to viscous diffusion.
In addition to the dominance of diffusion at very low Reynolds numbers, there is also an angle-of-attack range at a given Reynolds number within which the vortices are of the viscous type. As a result, a relationship can be envisioned between Reynolds number and angle-of-attack which defines whether a vortex is of the inviscid or viscous type. As a result, water tunnel simulation of vortex flows at low angles-of-attack (a < 100) can be unrepresentative because the vortices are of the viscous type, unlike the inviscid type vortices generally observed at high Reynolds numbers in the wind tunnel or flight. At high angles-of-attack in the water tunnel, the flow field is vortex dominated and, hence, good agreement is observed with high Reynolds number results in air. In general water tunnel experience indicates that the vortex core height above the surface must be of the order of ten boundary layer thicknesses or more in order to be in the inviscid regime in order to apply water tunnel results to wind tunnel and flight results. Testing was performed at a velocity of 0.3 f/s at a Reynolds number per foot of approximately 28,000. Testing parameters were a = + 50 to +400, p5 = -50 to +100 (A 50) and a. = +100 to -200 (A 100). The water tunnel test matrix can be seen in figure 2.
Water Tunnel Model
Wing Canard AR = 3.34 AR = 1.37 AI. 510 ALE= 500 ALEX=7 00 b = 10.5 in
Lfuse= 18 in
Dye taps were located on the lower surfaces of the forebody/canard/LEX/wing system close to the leading edges so that the dye would be entrained into the primary vortices.
Dye was forced from a containment reservoir to the model using compressed air.
III Analysis

Water Tunnel
Water tunnel experimentation is considered a credible external flow simulation instrument if certain model and testing guidelines are followed as indicated in reference 2. The most stringent parameter is the model shape itself. Chined forebodies and moderate to highly swept, sharp leading edge wings are paramount considerations since the separation point at the leading edges are not Reynolds number dependent. Another important test consideration is that the vortices should be well established and far enough above the model surface, in the potential flow field, so that the scale (physical size) of the vortex flow is much greater than the undisturbed boundary layer thickness. In other words, water tunnel testing should be at high enough angles-of-attack which result in vortex dominated flow fields (ref 5). Reference 2 indicates that water tunnel testing should be accomplished above 100 in angle-of-attack. In figure 4 , the basic ATI7AC vortical systems are identified.
a= 15 0 to 4 0 0 ;ft=00;cc= Off
The ATTAC water tunnel model with canards removed exhibited a predictable vortex development at P = 00 as the angle-of-attack was increased from 50 to 400. At 
a= 15 0 to30D;=+5 0 ;ac=Off
At a = 150 (figure 9), a P of +50 has an appreciable effect on the vortex system when compared with the unyawed case in figure 5 . There is an enhancement/strengthening of the leeward wing/LEX vortices as well as a significant windward forebody vortex movement as evidenced in the sideview in figure 9. As observed in figure 9, the windward forebody vortex has moved upwards and towards the leeward side. This type of movement would result in a change in lateral/directional characteristics of this canardless configuration. The aforementioned enhancement and movement of the vortex system can be attributed to the resultant increases and decreases in the leading edge sweep angles of the forebody/LEX and wing. Also of note, in figure 9 , the as, .nmetric wing vortex bursting has been exacerbated resulting in increased rolling moment instability. As the model was pitched to a = 200 and 300 (figures 10 and 11), the leeward forebody vortex has migrated towards the leeward wing vortex which has totally burst. This in effect increases the forebody vortex asymmetry in the empennage area directly influencing the lateral/directional stability. Even though, at these moderate to high angles-of-attack with the wing vortices completely burst and the forebody vortices migrating considerably, the LEX vortices remain intact.
3.1.3 cx= 15 0 to35 0 ; P=00;ac=On Section 3.1.1 and 3.1.2 have discussed the hydrodynamic test of the ATIAC model with the canard off. Now a qualitative analysis will be accomplished with canards on at deflection angles (tc) of 00, -100, -200, and +100. Figure 12 shows a well defined forebody/canard/LEX/wing vortex system. Bursting is evident on the wings and canards as sh,)wn in the planform and sideviews for cxc = 00 and a = 150. Note how the wing's leading edge vortex has coupled with the LEX's vortex and has become one vortex system and how the forebody vortex has migrated onto the left wing. At c = 200 ( figure   13 and 300 (figure 14) , it's apparent that the burst canard vortices have caused a flow field disturbance and altered the forebody vortices trajectories while the LEX vortices remain intact. Note that almost total bursting has occurred on the wings. When the canards are deflected to cxc = -100 at a = 150 (figure 15), the canards seem to cause less disturbance on the LEX/wing vortex system when compared with the canard deflected at atc = 00 at the same angle-of-attack ( figure 12 ). As the model is pitched to a = 180 (figure 16) and a = 250 (figure 17), this trend of less disturbance/interaction from the canards continues allowing for a more stable LEX/wing vortex system than that which occurred at ac = 00. Due to the less disturbance/interaction created by the canards, it is apparent that vortex bursting has been delayed on the wings and occurs nearer to the wing trailing edges. Vortex bursting on the canards is also delayed which lessens the interference effects on the forebody vortices. In figure 17 , an asymmetric wing vortex bursting is observed which would result in an increased rolling moment. This asymmetry, at P = 00, was also noted in section 3.1.1 with the canards removed. As angle-of-attack increase from a = 250 to a = 350 (figure 18), the canards and wing vortices have totally burst, whereas the forebody/LEX vortex system remains essentially intact.
In figure 19 ( a = 1 56, 5 = 00 , ac = -200), it's apparent that leading edge vortex flow is not established on the canards since they are at an angle-of-attack (ag) of -5 degrees.
The forebody/LEX/wing vortex system is relatively undisturbed, while the previously discussed wing vortex asymmetric burst location remains. However, as a is increased to 250 and 300 (figures 20 & 21), the LEX vortices' path has been altered due to decreased vortical strength which is due to the canard upwash interacting with the LEX's flow field. The wing vortices have totally burst. Comparing figure 20 to figure 17 (ac = -100) , the comparison indicates that a c = -200 causes more wing bursting and LEX interaction.
With the canards deflected upwards to a c = +100 (a = +150, P = 00), figure 22 shows the canards have completely stalled with the leading edge vortices completely burst since the canards are at an angle-of-attack (ag) of +250. The LEX vortices once again exhibit reduced strength and an altered path. At this configuration, this flow activity would certainly translate to a longitudinal stability change since the canard/LEX vortex system has been altered. A positive canard setting would probably be effective in controlling a pitch up problem by controlling the canard/LEX vortices. In figure 23 , (a = 150, P = +50, ac = -100), the leeward canard/LEX/wing vortex system has increased in strength due to the increase in leading edge sweep angles of these components. This figure clearly shows that the windward forebody vortex has migrated 6 towards the leeward side and the sideview indicates this same vortex has moved upwards away from the surface. The result of this vortex strengthening/movement would exhibit itself in lateral/directional stability changes. As a increases to 200 (figure 24) and 300
(figure 25), it's evident that there is an increased asymmetry in the canard/wing burst locations. This type of asymmetry will give rise to an increased rolling moment instability. There is also a pronounced lateral migration of the forebody vortices as well as in increased trajectory asymmetry. Up to a = 300, the LEX vortices maintain structure, especially on the leeward side.
In figure 26 , (a = 150, p = +100, ac = -100), the additional 5 degrees of sideslip can be seen in the strengthening of the leeward canard/LEX/wing vortices. Also, the forebody vortex migration has increased as well as more detrimental wing vortex bursting asymmetry. This trend can be seen in figure 27 (a = 180), figure 28 (a = 250), and figure 29 (a = 300). Obviously, wing bursting asymmetry as well as migration of the windward forebody vortex to the leeward side would result in an increased lateral/directional stability problems. The forebody/LEX vortex system, at a = 250 and 300, is maintaining its structure while the wing vortices have almost completely burst. A change in longitudinal stability could be expected.
IV Recommendations and Conclusions
1 -The canards behaved as effective vortex management devices in this hydrodynamic test with ac = -100 creating less disturbance to the forebody/LEX/wing vortex systems.
2 -Canard deflections of -200 and +100 caused more interactions with the forebody/LEX vortex system than any other deflections. 
